RECENTLY it has become possible to measure accurately the power expenditures of birds flying freely in a wind tunnel (Tucker, 1968 (Tucker, , 1969 ). The measurements show that power expenditure is influenced by the air speed and the angle of flight, which may be level, ascending, or descending. Often the birds were chased by automobiles or aircraft, or were otherwise disturbed, and angles of ascent or descent were not measured.
In the field, the theodolites were set up on their tripods and leveled. The horizontal circles were aligned along a baseline by adjusting them while the telescopes were set to sight through one another. We determined the length of baseline between the theodolites by triangulation (Figure 1 ). The three angles of the triangle were formed between the two theodolites and a stake set out 15.0 m along a line at right angles to the baseline at one theodolite station.
When one of us saw a flying bird, he contacted the other by radio, and both observers indicated when they had the bird in the fields of view of their telescopes. With practice we could locate a bird in the telescopes in a few seconds and could keep the cross hairs in the telescopes within a body length of the bird. Misalignment of the cross hairs causes an error in the calculated position of a bird, the magnitude of which depends on the location of the bird relative to the theodolites. The error is insignificant in the present study for most locations within four baseline lengths of the theodolites. One of us triggered both cameras at various intervals according to the complexity of the bird's flight path and recorded the species and time immediately after the last photographs were taken. Wind velocity at the altitudes where the birds were flying was determined every 1 or 2 hours by tracking helium balloons 0.2 m in diameter.
The velocity vectors of a bird with respect to both the air and the ground were computed from the theodolite records. To avoid confusion, certain terms will be used strictly with the following meanings: Velocity refers to both the magnitude and direction of a vector, while speed refers only to the magnitude of velocity. Air velocity is a three-dimensional vector that describes a bird's motion relative to the air. Ground velocity is a two-dimensional vector that describes the projection on the earth's surface of a bird's motion. Wind velocity is a two-dimensional vector that describes the projection on the earth's surface of the motion of the air.
We made measurements on 24 and 25 September 1967 at Pea Island Waterfowl Refuge on the North Carolina Outer Banks. The theodolites were set up on a narrow, artificial dike about 3 m high that ran east and west across the flat marsh. The relief of the area, including vegetation, was less than 1 m for at least 1 km both up-and downwind. With the exception of a soaring Osprey (Pandion haIiaetus), all the birds we tracked appeared to be cruising cross-country.
RESULTS
The winds on the days the measurements were made were typical, steady coastal winds. Mean wind speeds, estimated from balloon tracks at the altitudes where birds were flying, were 5.1 m/sec (11 mph) one day and 8.5 m/sec (19 mph) the next. Minimum and maximum wind speeds over an hour were estimated at 65 per cent to 135 per cent of mean wind speed (Giblett, 1932), which corresponds to a standard deviation for wind speed of less than 2 m/sec (4.5 mph).
We made most of our measurements on ducks, gulls, terns, and herons, and a few measurements on other types of birds (Tables 1, 2 • Symbols as in Table 1 .
VARIATION IN AIR SPEED
The variation of air speed is interesting because measurements in wind tunnels indicate that air speed may markedly influence the power expenditure in flight (Tucker, 1968 (Tucker, , 1969 . The most economical a/r speed depends on the goal of the flight and wind conditions. If the goal is to remain aloft the longest possible time, the most economical air speed is that where power expenditure is least. If the goal is to cover maximum distance over the ground, the most economical air speed is that where the ratio of power expenditure to ground speed (energy expended/distance traveled) is least. In the interests of energy conservation, one might expect that the air speeds of undisturbed birds in nature would be regulated to achieve one or the other of these goals.
The air speeds we measured are too variable to support the hypothesis that birds fly at closely regulated air speeds to conserve energy. Although the large variation of air speeds in nature does not support the hypothesis of a closely regulated air speed, neither does it deny it. Some of the variation in the air speeds we calculated may be due to changes in wind velocity in time and space that we could not measure and correct for, and to changes in flight direction (see below). Further testing of the hypothesis will depend on accurate measurements of air speed when the wind velocity is constant, preferably zero.
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The birds we measured flying in headwinds, tailwinds, and crosswinds seemed to fly at different air speeds depending on wind direction, with the highest air speeds in headwinds and the lowest in tailwinds (Table 3) . This phenomenon is worth comment because it could increase a bird's flight range in windy conditions (Pennycuick, 1969), and it has been described in two other studies. Bellrose (1967), using radar, found that the air speeds of birds migrating at night with tailwinds decreased as the speed of the tailwinds increased. Schnell (1965), also using radar, found that the air speeds of birds were highest in headwinds and lowest in tailwinds.
Although the evidence is suggestive that birds fly with higher air speeds in headwinds than in tailwinds, an alternate explanation is that the phenomenon is an artifact resulting from an overestimate of wind speed. Usually a bird's flight velocity is measured relative to. the ground, and air speed is obtained after vector addition of ground and wind velocities. Thus if wind speed is overestimated, a bird flying at constant air speed would appear to have the highest air speed when flying into the wind, and the lowest air speed when flying with a tailwind. Three of our four species and all of Schnell's species that flew in the three wind directions have relations between air speeds in head-, tail-, and crosswinds that could be explained if air speed actually were constant but wind speed were overestimated. The observations of Bellrose also would be explained if wind speed were overestimated. Birds appeared to have higher air speeds when flying in headwinds than in tailwinds. This phenomenon may be an artifact from errors in estimating wind velocity, but such behavior could maximize the range of a bird flying in windy conditions. The latter possibility is discussed in quantitative terms.
